Adult stem cells are important for tissue maintenance and repair. One key question is how such cells are specified and then protected from differentiation for a prolonged period.
Summary
Adult stem cells are important for tissue maintenance and repair. One key question is how such cells are specified and then protected from differentiation for a prolonged period.
Investigating the maintenance of Drosophila muscle progenitors (MPs) we demonstrate that it involves a switch in zfh1/ZEB1 RNA-isoforms. Differentiation into functional muscles is accompanied by expression of miR-8/miR-200, which targets the major zfh1-long RNA isoform and decreases Zfh1 protein. Through activity of the Notch pathway, a subset of MPs produce an alternate zfh1-short isoform, which lacks the miR-8 seed site. Zfh1 protein is thus maintained in these cells, enabling them to escape differentiation and persist as MPs in the adult. There, like mammalian satellite cells, they contribute to muscle homeostasis. Such preferential regulation of a specific RNA isoform, with differential sensitivity to miRs, is a powerful mechanism for maintaining a population of poised progenitors and may be of widespread significance.
INTRODUCTION 1
Growth and regeneration of adult tissues depends on stem cells, which remain 2 undifferentiated while retaining the potential to generate differentiated progeny. For 3 example, muscle satellite cells (SCs) are a self-renewing population that provides the 4 myogenic cells responsible for postnatal muscle growth and muscle repair (Chang and 5 Rudnicki, 2014). One key question is how tissue specific stem cells, such as satellite cells, 6 are able to escape from differentiation and remain undifferentiated during development, to 7 retain their stem cell programme though-out the lifetime of the animal. 8
It has been argued that the progenitors of Drosophila adult muscles share similarities with 9 satellite cells and thus provide a valuable model to investigate mechanisms that maintain 10 stem cell capabilities (Aradhya, et al., 2015; Figeac, et al., 2007) . After their specification 11 during embryogenesis, these muscle progenitors (MPs) remain undifferentiated throughout 12 larval life before differentiating during pupal stages. For example, one population of MPs is 13 associated with the wing imaginal disc, which acts as a transient niche, and will ultimately 14 contribute to the adult flight muscles. These MPs initially divide symmetrically to amplify 15 the population. They then enter an asymmetric division mode in which they self-renew and 16 generate large numbers of myoblasts that go on to form the adult muscles (Gunage, et al., 17 2014) . In common with vertebrates, activity of Notch pathway is important to maintain the 18 MPs in an undifferentiated state (Gunage, et al., 2014; Mourikis and Tajbakhsh, 2014; 19 Mourikis, et al., 2012; Bernard, et al., 2010) . To subsequently trigger the muscle 20 differentiation program, levels of Myocyte Enhancer factor 2 (Mef2) are increased and 21
Notch signalling is terminated (Elgar, et al., 2008; Bernard, et al., 2006) . Until now it was 22 thought that all MPs followed the same fate, differentiating into functional muscles. 23
However, it now appears that a subset persist into adulthood forming a population 24 satellite-like cells ((Chaturvedi, et al., 2017 ) and see below). This implies a mechanism 25 that enables these cells to escape from differentiation, so that they retain their progenitor-26 cell properties. 27
The Drosophila homologue of ZEB1/ZEB2, ZFH1 (zinc-finger homeodoman 1), is a 28 candidate for regulating the MPs because this family of transcription factors is known to 29 repress Mef2, to counteract the myogenic programme Postigo, 30 et al., 1999) . Furthermore, zfh1 is expressed in the MPs when they are specified in the 31 embryo and was shown to be up-regulated by Notch activity in an MP-like cell line (DmD8) 32 (Figeac, et al., 2010; Krejci, et al., 2009 ). Furthermore, an important regulatory link has 33 been established whereby microRNAs (miRs) are responsible for down-regulating 34 ZEB/Zfh1 protein expression to promote differentiation or prevent metastasis in certain 35 contexts (Zaravinos, 2015; Vandewalle, et al., 2009) and Brabletz, 2010). The MPs are thus an interesting system to investigate whether this 46 regulatory loop is a gatekeeper for the stem cell commitment to differentiation. 47
To investigate the concept that ZEB1/Zfh1 could be important in sustaining progenitor-type 48 status, we examined the role and regulation of zfh1 in Drosophila MPs/SCs. Our results 49
show that zfh1 plays a central role in the maintenance of undifferentiated MPs and, 50 importantly, that is expression is sustained in a population of progenitors that persist in 51 adults (pMPs). Specifically these pMPs express an alternate short RNA isoform of zfh1 52 that cannot be targeted by miR-8. In contrast, the majority of larval precursors express a 53 long isoform of zfh1, which is subject to regulation by miR-8 so that Zfh-1 protein levels are 54 suppressed to enable differentiation of myocytes. Expression of alternate zfh1-short 55 isoform is thus a critical part of the regulatory switch to maintain a pool of progenitor 56 "satellite-like" cells in the adult. This type of regulatory logic, utilizing RNA isoforms with 57 differential sensitivity to miRs, may be of widespread relevance for adult stem cell 58 maintenance in other tissues. 59
RESULTS 61 62
Zfh1 is required for maintenance of muscle progenitors 63
As zfh1 was previously shown to antagonize myogenesis it was a plausible candidate to 64 maintain the muscle progenitor cells in Drosophila and prevent their differentiation. We 65 therefore examined its expression in the muscle progenitors (MPs) associated with the 66 wing disc. Zfh1 was clearly present throughout the large group of MPs, which can be 67 distinguished by the expression of Cut (Ct) ( Figure 1A (Sudarsan, 72 et al., 2001) ). Zfh1 expression in MPs is therefore regulated in a manner that correlates 73 with different differentiation programmes. 74
To determine whether Zfh1 is required in the MPs to antagonize myogenic differentiation 75 we tested the consequences from expressing a hairpin RNA to target/silence zfh1 76 specifically in MPs (using 1151-Gal4 as a driver). Tropomyosin (Tm), a protein normally 77 expressed in differentiated muscles, was clearly detectable when zfh1-was down-78 regulated ( Figure 1B reporter, which revealed that small muscle fibers formed precociously in ~ 20% of zfh-1 80 depleted wing discs (n=4/20 wing discs; Figure supplement 1). Consistent with the 81 premature expression of muscle differentiation markers, β-3Tubulin staining showed that 82 decreased zfh1 led to abnormal MP cell morphology ( Figure 1B '-C'). These results 83 demonstrate that reduced zfh1 expression causes MPs to initiate the muscle differentiation 84 program indicating that zfh1 is required to prevent MP differentiation. 85
Lineage tracing experiments suggest that a subset of wing disc MPs have characteristics 86 of muscle stem cells and remain undifferentiated even in adult Drosophila (Chaturvedi, et 87 al., 2017; Gunage, et al., 2014) . Since Zfh-1 is necessary to prevent differentiation in MPs, 88
we reasoned that its expression might be sustained in these persistent muscle progenitors 89 (pMPs). Indeed, some individual cells, closely associated with adult IFM muscle fibers, 90 had high levels of Zfh1 expression whereas the differentiated muscle nuclei exhibited no 91 detectable expression ( Figure 1D -D'). To better characterise these Zfh1-positive adult cells, 92
we expressed a membrane-tagged GFP (UAS-Src::GFP) under the control of a specific 93 muscle driver mef2-Gal4 (mef2>GFP). This confirmed that Zfh1 was expressed in 94 mef2>GFP expressing cells, indicating they were myogenic, and that these cells were 95 closely embedded in the muscle lamina ( Figure 1E -E'''). These cells therefore have 96 characteristics of persistent muscle progenitors and likely correspond to the so-called adult 97 satellite cells recently identified by others ( Figure 1D and E). Although many of the Zfh1 98 expressing cells were clearly co-expressing Mef2>GFP, Zfh1 was also detected in another 99 population that lacked Mef2 expression. Often clustered, these cells were co-labelled with 100 a plasmatocyte marker P1/Nimrod indicating that they are phagocytic immune cells ( Figure  101 supplement 2). 102
The results demonstrate that Zfh1 is expressed in MPs, where it is required for their 103 maintenance, and that its expression continues into adult-hood in a small subset of 104 myogenic cells. If, as these data suggest, Zfh1 is important for sustaining a population of 105 a persistent adult progenitors, there must be a mechanism that maintains Zfh1 expression 106 in these cells while the remainder differentiate into functional flight muscles. Figure 2C ). Finally, Enhancer 3 119 (Enh3; GMR35H09) conferred expression in several MPs with highest levels in a subset 120 located in the posterior ( Figure 2D ). Enh3 encompasses a region that was previously 121 To determine which enhancer(s) are also capable of conferring zfh-1 expression in adult 125 pMPs we assessed their activity in adult muscle preparations. Only Enh3 exhibited any 126 activity in these cells ( Figure 2E the effects of ∆Enh3 did not phenocopy those of depleting zfh1 using RNAi, as no 138 premature up-regulation of muscle differentiation markers (MHC, Tm) occurred in ∆Enh3 139 discs (data not shown). This is likely due to residual zfh1 mRNA/protein ( Figure 2G) , 140 brought about by the activity of other zfh1 enhancers (e.g. Enh1 and Enh2, Figure 2B -C). 141
Nevertheless, it is evident that Enh3 has a key role in directing zfh1 expression in MPs. 142 143
Adult Zfh1+ve MP cells contribute to flight muscles 144
By recapitulating Zfh1 in adult MPs, Enh3 provides a powerful tool to investigate whether 145 the persistent MPs are analogous to muscle satellite cells, which are able to divide and 146 produce committed post-mitotic myogenic cells that participate in muscle growth and 147 regeneration. To address this we used a genetic G-trace method, which involves two UAS 148 reporters, an RFP reporter that directly monitors the current activity of the Gal4 and a GFP 149
reporter that records the history of its expression to reveal the lineage (Evans, et al., 2009) . 150
When Enh3-Gal4 was combined with the G-trace cassette RFP expression was present in 151 the muscle-associated pMPs, which have low Mef2 expression ( Figure 2I Enh3 driven RFP expression showed that it often persisted in two nearby muscle nuclei. 155
This suggests that these nuclei are recent progeny of Enh3 expressing cells, indicating 156 that these cells have kept the ability to divide that is characteristic of a satellite-like stem 157 cell population ( Figure 2 ). To further substantiate this conclusion, we verified that adult 158
Zfh1+ve cells were actively dividing cells, using the mitotic marker phosphohistone-3 159 These data support the model that persistence of Zfh1 expression in adult MPs is likely 184 due to Notch input, acting throughout Enh3. 185
The results imply that Notch should be expressed and active in the adult pMPs. To 186 investigate this, we made use of a Notch[NRE]-GFP reporter line. Notch [NRE] is an 187 enhancer from the Notch gene, and itself regulated by Notch activity, such that it is a read 188 out both of Notch expression and of Notch activity (Simon, et al., 2014) . Strikingly, that Notch is active in these cells ( Figure 3I ) but not in the differentiated muscles. It is also 191 active in some surrounding non-muscles cells/tissues ( Figure 3I ). Together, the results 192
show that zfh1 expression in the adult pMPs requires Notch activity acting through Enh3. To retain their undifferentiated state, the adult pMPs must evade miR-8 regulation and 236 maintain Zfh1 expression. The zfh1 gene gives rise to three different mRNA isoforms; two 237 long zfh1 isoforms (zfh1-long; zfh1-RE/RB) and one short zfh1 isoform (zfh1-short; zfh1-238 RA) ( Figure 5A ). Although long zfh1 isoforms have two additional N-terminal zinc fingers, 239 all three RNA-isoforms produce proteins containing the core zinc finger and 240 homeodomains needed for Zfh1 DNA-binding activity (Figure supplement 5; (Postigo, et 241 al., 1999) ). Importantly, zfh1-short isoform has a shorter 3'UTR, which lacks the target site 242
for miR-8 ( Figure 5A ; (Antonello, et al., 2015) , as well as differing in its transcription start 243 site (TSS) ( Figure 5A ; Flybase FBgn0004606). As zfh1-short is predicted to escape miR-8 244 mediated down-regulation, its expression will enable cells to retain high level of Zfh1 245 protein, explaining how the adult pMPs can escape differentiation. To test this prediction, 246
we designed fluorescent probes specific for the zfh1-long and zfh1-short isoforms and 247 used them for in situ hybridization (FISH) at larval and adult stages ( Figure 5A ). In the 248 larval stage (L3), zfh1-long isoforms were present at uniformly high levels in the MPs 249 ( Figure 5B We then analyzed zfh1 isoforms expression in adult muscles, where the adult pMPs were 252 marked by Enh3-Gal4>GFP and low Mef2 expression ( Figure 5D -E). In contrast to MPs in 253 the larva, these adult pMPs expressed high levels of zfh1-short and much lower levels of 254 zfh1-long ( Figure 5D -E'''). zfh1-short was only present in the pMPs whereas dots of zfh1-255 long hybridization were also detected in some differentiated nuclei (with high level of Mef2) 256 ( Figure 5 ). These data indicate that zfh1-long isoforms are transcribed in both the 257 progenitors and in muscle cells where miR-8 regulation will prevent their translation, 258 explaining the lack of protein. In contrast, zfh1-short is only expressed in a few larval MPs, 259
and it is then detected at highest levels specifically in the adult pMPs. Since zfh1-short is 260 not susceptible to regulation by miR-8, its specific transcription may therefore be 261 determinant for maintaining high levels of Zfh1 in a subset of progenitors and enable them 262 to escape differentiation. population and so should compromise muscle maintenance and repair. We therefore 288 monitored the consequences of prolonged zfh1 depletion on adult flies, assessing their 289 phenotypes at ten days. Approximately 30% had a "held out wing" posture (n= 9/27) 290 ( Figure 7A -B), a phenotype often associated with flight muscle defects (Vigoreaux, 2001) . 291
The number of nuclei per muscle (DLM4) was also significantly reduced in the aged adults 292 when zfh1 was specifically depleted in the pMPs ( Figure 7D with adult muscles in Drosophila, that appear analogous to mammalian satellite cells 307 ( Figure 7F) . 308
Zfh1 marks a population of satellite-like cells in adult Drosophila 309
Until now, the fly has been thought to lack a persistent muscle stem cell population, 310
leading to speculation about how its muscles could withstand the wear and tear of its 311 active lifestyle. By analyzing the expression and function of Zfh-1, we identified a 312 population of muscle-associated cells in the adult that retain progenitor-like properties, 313 marked by Zfh-1 expression. Expression in the persistent adult "satellite-like" cells is 314 dependent on one specific Zfh1 enhancer, which is directly regulated by Notch. Activity of 315
Notch is important for maintaining Zfh1 expression and hence is required to sustain the 316 progenitor status of these cells, similar to the situation in mammalian satellite cells, which 317 Using lineage-tracing method we showed that adult Zfh1+ve cells, in normal conditions, 320
provide new myoblasts to the fibers. Furthermore, conditional down regulation of zfh1 led 321 adult pMPs to enter differentiation and resulted in flight defects, evident by a held out wing 322 posture. These results demonstrate that Zfh-1 is necessary to maintain these progenitors 323 and that, similar to vertebrate satellite cells; the Zfh1+ve progenitor cells contribute to the 324 adult muscles homeostasis. Thus the retention of a pool of progenitor cells may be critical 325 to maintain the physiological function of all muscles in all organism types, as also 326 highlighted by their identification in another arthropod Parahyle (Alwes, et al., 2016; 327 Konstantinides and Averof, 2014). Drosophila notably differs because their satellite-like 328 cells do not express the Pax3/Pax7 homologue (gooseberry; data not shown), considered 329 a canonical marker in mammals and some other organisms (Chang and Rudnicki, 2014). 330
Instead, Zfh1 appears to fulfill an analogous function and it will be interesting to discover 331 how widespread this alternate Zfh1 pathway is for precursor maintenance. Notably, the 332 loss of ZEB1 in mice accelerates the temporal expression muscle differentiation genes (eg. 333 MHC) suggesting that there is indeed an evolutionary conserved function of Zfh1/ZEB in 334 regulating the muscle differentiation process (Siles, et al., 2013) . This lends further 335 credence to the model that Zfh1 could have a fundamental role in preventing differentiation 336 that may be harnessed in multiple contexts. 337
Switching 3' UTR to protect progenitors from differentiation 338
Another key feature of Zfh-1 regulation that is conserved between mammals and flies is its has a truncated 3'UTR that lacks the miR-8 recognition sequences and will thus be 348 insensitive to miR-8 regulation. Significantly, this zfh1-short isoform is specifically 349 expressed in MPs that persist into adulthood and hence can protect them from miR-8 350 induced differentiation. Furthermore, it appears that Notch activity strongly promotes zfh1-351 short expression, explaining how this isoform is retained to sustain progenitors into adult-352
hood. 353
Our study therefore provides a novel molecular logic explaining the maintenance of 354
Drosophila satellite-like cells. This relies on the expression of zfh1-short, which, by being 355 insensitive to miR-8 regulation, can sustain Zfh1 protein production to protect pMPs from 356 differentiation ( Figure 7F ). It also implies that Notch preferentially promotes the expression 357 of a specific RNA isoform, most likely through the use of an alternate promoter in zfh1. 358
Both of these concepts have widespread implications. 359
Alternate use of 3'UTRs, to escape miR regulation, is potentially an important mechanism 360 to tune developmental decisions. Some tissues have a global tendency to favour certain 361 isoform types, for example, distal polyadenylation sites are preferred in neuronal tissues 362 . Furthermore, the occurrence of alternate 3'UTR RNA isoforms is 363 widespread (>50% human genes generate alternate 3'UTR isoforms) and many conserved 364 al., 2005). Thus, similar isoform switching may underpin many instances of progenitor 366 regulation and cell fate determination. Indeed an isoform switch appears to underlie 367 variations in Pax3 expression levels between two different populations of muscle satellite 368 cells in mice, where the use of alternative polyadenylation sites resulted in transcripts with 369 shorter 3'UTRs that are resistant to regulation by miR-206 (Boutet, et al., 2012) . The 370 selection of alternate 3'-UTRs could ensure that protein levels do not fall below a critical 371 level (Yatsenko, et al., 2014) , and in this way prevent differentiation from being triggered. 372
The switch in zfh1 RNA isoforms is associated with Notch-dependent maintenance of the 373 persistent adult MPs. Notably, zfh1-short is generated from an alternate promoter, as well 374 as having a truncated 3'UTR, which may be one factor underlying this switch. Studies in 375 yeasts demonstrate that looping occurs between promoters and polyadenylation sites, and 376 that specific factors recruited at promoters can influence poly-A site selection (Lamas- RNA sub-types has so far been little explored but our results suggest that is potentially of 383 considerable significance. In future it will be important to investigate the extent that this 384 mechanism is deployed in other contexts where signaling coordinates cell fate choices and 385 stem cell maintenance. Antibodies were included to the overnight hybridization step (together with the probes). 418 zfh1 probes were generated by Bioresearch Technologies. The sequence used for zfh1-419 short probe span 393bp of the first zfh1-RA exon, for zfh1-long probe, the sequence of the 420 third exon (711bp) common to both zfh1-RB and zfh1-RE was used (see Figure 5 ). 421 
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